The apparent diffusion coefficient (ADC) of water in tissues is dependent on the size and spacing of structures in the cellular environment and has been used to characterize pathological changes in stroke and cancer. However, the factors that affect ADC values remain incompletely understood. Measurements of ADC are usually made using relatively long diffusion times; so they reflect the integrated effects of cellular structures over a broad range of spatial scales. We used temporal diffusion spectroscopy to study diffusion in packed cultured human embryonic kidney cells over a range of effective diffusion times following microtubule and actin/cytoskeleton depolymerization and disassembly of the Golgi complex. While Golgi disruption did not change ADC, depolymerization of the microtubule and the actin filament networks caused small decreases in ADC at short diffusion times only. Temporal diffusion spectroscopy provided a novel way to assess intracellular influences on the diffusion properties of tissue water. Magn Reson Med 65:796-801,
Pathological changes in tissues such as malignancy and ischemia are well known to alter water diffusion coefficients in tissue as measured by MRI and are routinely studied with diffusion-weighted imaging. Measured rates of diffusion in tissue are lower than those in free aqueous solutions because there are restrictions or hindrances to the free movement of water molecules. MRI methods thus measure an apparent diffusion coefficient (ADC) that is generally lower than the intrinsic diffusion coefficient of the solutions within tissue compartments. For example, in tumors, increases in cellularity resulting from cell proliferation have been shown to cause decreases in ADC (1) (2) (3) , whereas the positive effects of therapeutic intervention, which typically decrease cellularity through apoptosis and necrosis, have been correlated with increases in ADC (4, 5) .
The most common application of diffusion-weighted imaging is in the diagnosis and evaluation of stroke, where decreases in ADC ranging from 20% to 50% have been reported in the brain within minutes of ischemic insult and often persisting for several hours to days (6, 7) . Several factors that may influence ADC following ischemic stroke have been identified. Cellular swelling, for example, may result in a larger fraction of water moving into the restricted intracellular space, as well as an increased extracellular tortuosity, thereby lowering ADC (8) (9) (10) . Changes in the intracellular ADC due to other mechanisms, such as reduced cytoplasmic streaming through adenosine triphosphate (ATP) depletion, or increased viscosity due to microtubule disruption, have also been proposed (11, 12) along with possible influences from variations in cellular membrane permeability (13, 14) . However, studies have shown that such processes are unlikely to cause substantial effects at clinically available diffusion times (15, 16) .
A common factor in most diffusion-weighted imaging studies is the consistent use of relatively long experimental diffusion times (tens of milliseconds), such that restriction effects on the scale of intracellular structures are indistinguishable from those at larger scales such as whole cells. To glean information about factors other than gross cell density, it is necessary to measure variations in ADC at much short diffusion times that isolate changes associated with intracellular reorganization or intrinsic diffusion coefficients.
In this study, we implemented a previously described oscillating gradient spin echo (OGSE) technique (17, 18) for measuring diffusion processes on submillisecond time scales in a model tissue system. We have previously used this approach for evaluating ADC in rat brain gliomas (19) , as well as detecting increases in ADC in rat brain glioma following chemotherapeutic treatment, but prior to gross changes in cellularity (20) . By measuring the ADC at short time scales in packed, cultured human embryonic kidney cells (293-EBNA), following manipulation of the intracellular structure with various pharmaceuticals, we aimed to assess the influence that specific intracellular structures may have on the effective rate of water diffusion in tissue. To this end, we evaluated the effects of disrupting the Golgi apparatus (with brefeldin A) and depolymerizing the actin (with cytochalasin D) and microtubules (with nocodazole) on the ADC using both OGSE and conventional pulsed gradient spin echo (PGSE) techniques. By recording OGSE measurements over a range of oscillation frequencies up to 2 kHz, corresponding to effective diffusion times much lower than 1 msec, we can acquire so-called temporal diffusion spectra from which we are able to extract information on the spatial scales over which water diffusion is affected. Several representative cell samples were stained and imaged, following treatment, using laser scanning confocal microscopy to verify the alterations of cellular structure that occurred compared with control cells.
MATERIALS AND METHODS

Cell Culture Preparation
The 293-EBNA cell line was derived from primary embryonic human kidney cells transformed with sheared human adenovirus type 5 DNA and Epstein-Barr virus nuclear antigen (EBNA) 1. Cells were cultured in suspension with F17 (Invitrogen, Carlsbad, CA #0050092DK) supplemented with 0.1% Pluronic F68, 4 mM glutamine, and 50 mg/mL of G418. On the day of sample preparation, cell viability was measured using the trypan blue dye exclusion method. Cells were then transferred to 250-mL sample tubes, with each sample containing approximately 2.5 Â 10 7 cells in media. Cells were centrifuged into a compact pellet before data collection to ensure reproducibility of the samples. When indicated, the following drugs were applied at the following concentrations: brefeldin A at 350 mM (Sigma-Aldrich, St. Louis, MO #B7450), nocodazole at 100 nM (SigmaAldrich, #M1404), and cytochalasin D at 5 mM (Invitrogen, #PHZ1063). Control cell samples (N ¼ 18) received an equal volume of phosphate buffered saline only.
Treatments
Brefeldin A is a lactone antibiotic that interferes with protein secretion, resulting in an accumulation of proteins in the endoplasmic reticulum (21) (22) (23) (24) . This drug has also been shown to collapse and redistribute Golgi stacks into tubular formations within minutes of exposure (22) (23) (24) . Pelleted cell samples (N ¼ 18) were treated with concentrations of 350 mM brefeldin A and incubated at 37 C for 1 h prior to data collection. Cytochalasin D is a cellular membrane-permeable fungal metabolite well known to severely disrupt actin network organization, increasing the number of free actin strands (25) (26) (27) (28) . Samples (N ¼ 18) were treated with concentrations of 5 mM cytochalasin D and incubated at 37 C for 1 h prior to data collection. Nocodazole is a synthetic, antimitotic agent commonly used to inhibit microtubule self-assembly, as well as to depolymerize existing microtubules. This drug disrupts Golgi traffic, resulting in the formation of Golgi ministacks throughout the intracellular space (29) (30) (31) (32) (33) . Samples (N ¼ 18) were treated with 100 nM concentrations of nocodazole and allowed to incubate at 37 C for 1 h prior to data collection.
Twenty minutes prior to each experiment, samples were removed from incubation and allowed to reach thermal equilibrium with room temperature. They were then centrifuged at 6000 rpm for 5 min, and identical volumes of supernatant fluid were removed with a micropipette. Samples were placed in a specialized, high-performance single-axis gradient coil capable of gradient strengths up to 1500 G/cm and oscillation frequencies of up to 2 kHz, (Doty Scientific, Inc., Columbia, SC) and maintained at a temperature of approximately 18 C during measurements of ADC as described in the following sections.
Immunocytochemistry
To visualize the extent of structural reorganization following each drug treatment, collagen-adherent 293-EBNA cells were prepared. Briefly, wells were coated overnight with 1 mg/mL collagen I (Sigma #C7661). Lowdensity cells were incubated in the coated wells for 2 h. After fixation with 4% paraformaldehyde (Fisher Scientific, Pittsburgh, PA #NC9810518), cells were stained with the following monoclonal antibodies: anti-GM130 (Golgi apparatus, clone NN 2C10/1, abcam #ab1299), anti-b-tubulin (microtubules, clone TUB2.1, Sigma #T4026), and anti-a-actin (clone AC-1, Sigma #A9357). AlexaFluor-488 or À568 mouse IgG were used as secondary antibodies (Invitrogen #A11001 and #A11004, respectively). Each immunostaining was performed on different cell preparations. Hoechst 33342 (Invitrogen #H3570) was used to visualize the nuclei. Microphotographs were obtained using a laser-scanning confocal microscope (Zeiss, Thornwood, NY).
Oscillating Gradient Diffusion NMR
The OGSE technique, first proposed by Gross and Kosfeld in 1969 (34) , mitigates the long diffusion times of conventional pulsed gradient techniques by using gradients that cosinusoidally vary with frequency, f. The effective diffusion time is determined by the oscillation period, 1/f. As further demonstrated by Stepisnik and colleagues (35, 36) , the effects of such frequency-selective pulses are appropriately analyzed in the spectral domain, as opposed to the time domain, whereby signal attenuations due to diffusion may be written in terms of the product of a frequency-dependent diffusion coefficient and the spectral density of the gradient waveforms. By measuring the ADC at different frequencies, a temporal diffusion spectrum is obtained (37) from which specific structural parameters may be extracted for simple systems (38) .
Data Collection and Analysis
Measurements of the NMR 1 H signal were acquired from whole samples using a nonselective spin echo pulse sequence on a Varian 7T DirectDrive TM scanner with the single axis (Z-only) gradient coil fitted with a 300 MHz transmit/receive volume radiofrequency probe designed by Doty Scientific, Inc. Diffusion-weighted proton spectra, consisting of 2048 complex data points, were acquired with the conventional PGSE method using diffusion-sensitizing gradient pulses of duration d ¼ 5 msec and separation D ¼ 30 msec. Spectra were also collected using an OGSE method that used two cosine-apodized oscillating gradient waveforms (37), each of duration T ¼ 20 msec, with oscillation frequencies between 200 Hz and 2 kHz, in 200 Hz increments. Signal spectra peak amplitudes, averaged from eight acquisitions (Number of experiments ¼ 8), were fit to the standard Stejskal-Tanner diffusion attenuation equation (39) :
where S 0 is the magnitude of the signal without diffusion weighting, and b denotes the amount of diffusion weighting imparted on the sample by the motion sensitizing gradients, G D (t):
For all samples, and both imaging methods, b values of 0, 300, and 600 sec/mm 2 were used, along with pulse repetition time ¼ 3000 msec and echo time ¼ 54.5 msec.
Data reconstruction and analysis were performed using MATLAB 2009 (The MathWorks, Natick, MA). The statistical significance of differences in ADC values between treated and control groups, for both imaging methods, was determined using Student's t-tests, with significance set at the a ¼ 0.05 level. Fig. 1 Mean ADC values vs. oscillation frequency for cells treated with cytochalasin D are shown in Fig. 2 , along with values for controls. It is clear from this figure that ADC values in treated and control samples are approximately equal at frequencies below 1 kHz, but begin to diverge at higher oscillation frequencies (decreasing effective diffusion times). However, these differences are only statistically significant for the 1.8 and 2.0 kHz oscillation frequencies (corresponding to effective zeroth order diffusion times of approximately 139 and 125 msec, respectively). Results for samples treated with nocodazole are illustrated in Fig. 3 . While there appears to be a divergence in ADC values with increasing oscillation frequency, Student's t-tests found these differences to be insignificant. At 2 kHz, the mean ADC value of treated samples was 1.43 6 0.06 mm A plot of the percentage difference in mean ADC values, between treated samples and controls, is shown in Fig. 4 for all three treatments. The percentage difference was defined as: 
RESULTS
Mean ADC vs. oscillation frequency is plotted in
% difference ¼ mADC C À mADC TX mADC C Â 100% ½3
DISCUSSION
The study presented here was aimed at providing a better understanding of the biophysical mechanisms underlying variations in ADC in cellular media and tissues. In particular, we aimed to investigate the effects of intracellular structure and organization on ADC in a regime of shorter diffusion times, when restrictions caused by cell density alone should be separable from those occurring at shorter distance scales. While several studies (as described in Introduction section) have examined ADC variations correlated with changes in cell volume and density, our results illustrate the effects that specific components of the intracellular space have on tissue ADC. Furthermore, we provide additional information about the spatial scale over which intracellular organelles influence ADC by measuring these values over a range of spatial scales using OGSE MRI techniques, in addition to conventional pulsed-gradient methods. By measuring ADC values with oscillating gradient techniques up to 2 kHz in frequency, effective diffusion times well below 1 msec may be achieved (17, 18) . At the lowest frequency of oscillation used here, 200 Hz, the period of one oscillation is 5 msec, corresponding to a zeroth order effective diffusion time of 1.25 msec, and a one-dimensional path length of just over 2 mm (assuming an unrestricted diffusion coefficient of $1.8 mm 2 /msec). At the highest oscillation frequency of 2 kHz, the zeroth order effective diffusion time is 10 times smaller than at 200 Hz, or approximately 125 msec. This corresponds to a one-dimensional path length of $0.7 mm. The approximate 25-30% increase in ADC between 200 Hz and 2 kHz, for both treated samples and controls, suggests that a single diffusion length is inadequate for characterizing intracellular ADC values, and molecules experience restrictive barriers over a range of sizes. Furthermore, given that the mean ADC values at 2 kHz, for all samples in this study, remain approximately 20-25% below the free water value of $1.8 mm 2 /msec and continues to increase with frequency, it may be reasonable to infer that a significant fraction of water molecules in these cells do not diffuse more than, on average, 1 mm before experiencing hindrance effects.
Several studies have proposed that decreases in ADC following ischemic insult may result from increased intracellular viscosity due to an increase in the cytosolic protein content created by the disassociation and fragmentation of microtubules and other organelles. However, the consistent increase in ADC with increasing oscillation frequency (decreasing diffusion time) following microtubule and actin depolymerization argues against increases in the viscosity of the intracellular space. While an increase in the number of diffusion barriers may be partly responsible for this variation with diffusion time, other factors such as changes in bulk cytoplasmic transfer (8, 12) , as well as changes in the exchange dynamics of free and bound water may potentially play a role (40) . Other sources of ADC variation also remain a possibility.
Overall, the results of these studies indicate that the restrictive and/or viscous effects of microtubule and actin depolymerization occur on spatial scales that can be probed only at very short effective diffusion times, and are obscured with conventional PGSE techniques. However, major changes of the type investigated appear to have little effect on ADC, and our data suggest that structures of the order of 1 mm size or smaller are important in determining the intrinsic diffusion coefficient of the intracellular medium.
